Solar UV irradiation is the causal factor for the increasing incidence of human skin carcinomas. The activation of the transcription factor activator protein-1 (AP-1) has been shown to be responsible for the tumor promoter action of UV light in mammalian cells. We demonstrate that proteinase inhibitor I (Inh I) and II (Inh II) from potato tubers, when applied to mouse epidermal JB6 cells, block UV-induced AP-1 activation. The inhibition appears to be specific for UV-induced signal transduction for AP-1 activation, because these inhibitors did not block UV-induced p53 activation nor did they exhibit any significant inf luence on epidermal growth factor-induced AP-1 transactivation. Furthermore, the inhibition of UV-induced AP-1 activity occurs through a pathway that is independent of extracellular signalregulated kinases and c-Jun N-terminal kinases as well as P38 kinases. Considering the important role of AP-1 in tumor promotion, it is possible that blocking UV-induced AP-1 activity by Inh I or Inh II may be functionally linked to irradiation-induced cell transformation.
Proteinase inhibitors I (Inh I) and II (Inh II) from potatoes are two well characterized inhibitors of chymotrypsin and trypsin (1, 2) . Both inhibitors are heat-stable, Inh I having one disulfide bond and Inh II having six (1, 2) . Both inhibitors are induced to accumulate in potato and tomato leaves in response to wounding and UV irradiation (3, 4) , and have been shown to be involved with the induced defense response of plants against herbivores and pathogens (3). These inhibitors, as well as other plant proteinase inhibitors, have an inhibitory effect on x-irradiation-induced mammalian cell transformation (5) , although the mechanism underlying their anticarcinogenic activity is not known. Because activator protein-1 (AP-1) is one of the most important transcription factors in the UV response in mammalian cells (6) (7) (8) , we investigated the effects of Inh I and Inh II on UV-induced AP-1 transactivation. We report the both Inh I and Inh II block UV-induced AP-1 activity and that the induction is independent of extracellular signal-regulated kinases (Erks) and c-Jun N-terminal kinases (JNKs), as well as p38 kinase.
MATERIALS AND METHODS
Plasmids and Reagents. CMV-neu marker vector plasmid was constructed as reported (9) ; P53 luciferase reporter plasmid was the same as reported (10) ; fetal bovine serum (FBS), Lipofectamine, MEM, and G418 were from GIBCO͞BRL; epidermal growth factor (EGF) was from Collaborative Research; luciferase substrate was from Promega; the proteinase inhibitors I and II were isolated from potato tubers as described (1, 2) . Inh I contains a reactive site that powerfully inhibits chymotrypsin, whereas Inh II is a ''double-headed'' inhibitor and strongly inhibits both trypsin and chymotrypsin; lima bean inhibitor (LBI) and soybean trypsin inhibitor (SBI) were purchased from Sigma.
Generation of P53 Luciferase Reporter Stable Transfectant. JB6 cells, Cl 41, were cultured in six-well plates until they reached 85-90% confluence. Six micrograms of P53 luciferase reporter plasmid (PG13-Luc) and 0.3 g of cytomegalovirusnue marker vector and 15 l of Lipofectamine reagent were used to transfect each well in the absence of serum. After 10-12 h, the medium was replaced with 5% FBS MEM. Approximately 30-36 h after the beginning of the transfection, the cells were digested with 0.033% trypsin and the cell suspensions were transferred to 75-ml culture flasks and cultured for 24-28 days with G418 selection (300 g͞ml). Stable transfectants were screened by assay of the luciferase activity. The stable transfectant, C1 41 P53, was cultured in G418-free MEM for at least two passages before each experiment.
Cell Culture. JB6 Pϩ mouse epidermal cell line, C1 41, and its stable transfectants, P ϩ 1-1 or C1 41 P53 were cultured in monolayers at 37°C, 5% CO 2 using MEM containing 5% fetal calf serum, 2 mM L-glutamine, and 25 g of gentamicin per ml.
Assay for AP-1 Activity and P53 Activity. Confluent monolayers of P ϩ 1-1 or C1 41 P53 cells were trypsinized and 8 ϫ 10 3 viable cells suspended in 100 l 5% FBS MEM medium were added into each well of a 96-well plate. Plates were incubated at 37°C in a humidified atmosphere of 5% CO 2 . Twelve-to twenty-four hours later, cells were starved by culturing them in 0.1% FBS MEM for 12 h. The cells were or were not treated with Inh I or Inh II for 30 min, and then were exposed to UVB (4 kJ͞m 2 with filter) or UVC (60 J͞m 2 ) for AP-1 or P53 induction for 24 hr. The cells were extracted with lysis buffer and luciferase activity was measured using a luminometer (Monolight 2010). The results are expressed as relative AP-1 activity or relative P53 activity.
Erks and P38 Kinase Phosphorylation Assay. Immunoblot assays for phosphorylation of Erks and P38 kinase were carried out as described by New England Biolabs using phosphospecific antibodies against phosphorylated sites of Erks and P38 kinase, respectively.
JNK Activity Assay. JNK activity was assayed as described in the protocol of New England Biolabs. In brief, JB6 C1 41
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. cells were starved for 48 hr in 0.1% FBS MEM at 37°C, 5% CO 2 incubator. The cells were first treated with different concentrations of Inh I and Inh II for 30 min and then exposed to UVB (4 kJ͞m 2 with filter) or UVC (60 J/m 2 ) for another 20 min. The cells were washed once with ice-cold PBS and lysed in 300 l of lysis buffer per sample (20 mM Tris, pH 7.4͞150 mM NaCl, 1 mM EDTA͞1 mM EGTA͞1% Triton͞2.5 mM sodium pyrophosphate͞1 mM ␤-glycerol phosphate͞1 mM Na 3 VO 4 ͞1 mg/ml leupeptin). The lysates were sonicated and centrifuged, and the supernatant incubated with 2 g of N-terminal c-Jun (1-89) fusion protein bound to glutathione Sepharose beads overnight at 4°C. The beads were washed twice with 500 ml of lysis buffer with phenylmethylsulfonyl fluoride and twice with 500 l of kinase buffer (25 mM Tris, pH 7.5͞5 mM ␤-glycerol phosphate͞2 mM DTT͞0.1 mM Na 3 VO 4 ͞10 mM MgCl 2 ). The kinase reactions were carried out in the presence of 100 m ATP at 30°C for 30 min. c-Jun phosphorylation was selectively measured by Western blot analysis using a chemiluminescent detection system and specific c-Jun antibodies against phosphorylation of c-Jun at Ser-63. incubator, the AP-1 transcriptional activity was measured using a luciferase activity assay. The results are presented as relative AP-1 activity.
RESULTS AND DISCUSSION
arresting x-irradiation-induced cell transformation in mammalian cells (5), but no proteinase inhibitor proteins have been assayed for their effects in UVB or UVC induction of cellular events leading to carcinogenesis. To explore the possibility that proteinase inhibitors might also inhibit events leading to UV-induced carcinogenesis, we used P ϩ 1-1 cells, which are a well-characterized mouse epidermal JB6 stable transfectant with the AP-1 luciferase reporter [73͞63 collagenase promoter driving the luciferase gene (6, 7)]. The JB6 cell line is an established mouse epidermal cell line that has been used extensively as an in vitro model for studying tumor promotion (6, 7, (9) (10) (11) . Pretreatment of P ϩ 1-1 cells with either Inh I or Inh II markedly blocked both UVB-or UVC-induced AP-1 transactivation in a dose-dependent manner (Fig. 1A) . These inhibitory effects were not due to cytotoxic effects because 3 H-thymidine incorporation in the inhibitor-treated cells was not affected at the doses used in the present study (Fig. 2) . To determine whether the blocking activity by Inh I and Inh II in UV-induced AP-1 activity is proteinase inhibitor specific, we also investigated the effects of LBI and SBI on UV-induced AP-1 activation. We found that pretreatment of cells with LBI or SBI had no significant inhibitory effect on UV-induced AP-1 activity (Fig. 3) . Therefore, among these four proteinase inhibitors, the inhibition of UV-induced AP-1 activity appears to be specific for the potato proteinase Inh I and Inh II. This specificity is interesting because SBI is a potent trypsin inhibitor, with weak antichymoptrypsin activity, whereas both LBI and Inh II inhibit both trypsin and chymotrypsin and Inh I strongly inhibits chymotrypsin, but is a weak trypsin inhibitor. However, both Inh I and II are potent inhibitors of elastase. Although the specificity of Inh I and II in inhibiting AP-1 activity is not known, the data in Fig. 3 imply that Inh I and Inh II can regulate UV-induced signal transduction leading to the activation of the AP-1. We reported previously that induced AP-1 activity is required for tumor promoter-induced transformation (11) . Therefore, the inhibitory effects of Inh I and Inh II proteins on UV-induced AP-1 activity may be related to both tumor-promoter-induced cell transformation as well as x-irradiation-induced cell transformation (5) .
Inh I and Inh II Specifically Block AP-1 Activity Induced by UV Irradiation, but Not Activity Induced by EGF. To determine whether the proteinase inhibitors also inhibit the signal transduction pathway for EGF induction of AP-l, we examined the effects of both Inh I and Inh II on EGF-induced AP-1 activity. As shown in Fig. 4 , no inhibition of EGF-induced AP-1 activity was observed (Fig. 4) . Additionally, no inhibition of the 12-O-tetradecanoylphobol-13-acetate-induced AP-1 activity was found (data not shown). These findings suggest that blocking AP-1 activity by Inh I or Inh II is specific for UV-induced signal transduction pathway leading to AP-1 activation, and provide direct evidence that the activation of the AP-1 by UV irradiation differs from those induced by EGF or 12-O-tetradecanoylphorbol 13-acetate. This is consistent with our previous finding that the UV-induced AP-1 activation pathway does not occur through EGF receptors (6, 7) .
Blocking the Activity of Inh I or Inh II in the UV-Induced Signal Transduction Pathway Is Transcription FactorSpecific. It was proposed that UV-induced AP-1 activation originates at the plasma membrane and the signal is subsequently transferred to the nucleus via several signaling cascades involving Ras͞Raf and the mitogen-activated protein kinase family (8, 12) . In contrast, UV-induced P53 activation results from UV-induced DNA damage (8, 12, 16) . To further examine the nature of the signal transduction pathway that is inhibited by Inh I and Inh II in response to UV irradiation, we compared the effects of Inh I and Inh II on the UVC-induced AP-1 activation and P53 activation. We found that Inh I and Inh II did not inhibit P53 activation (P Ͼ 0.05) by UVC under conditions in which the UV-induced AP-1 activity was significantly blocked by Inh I or Inh II (Fig. 5) . Interestingly, at low concentrations, Inh I or Inh II slightly enhanced p53 activity (Fig. 5) . These data support a mechanism of inhibition by Inh pathways, including Erks, JNKs, and P38 kinase (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . To further analyze the mechanism of the inhibitory effect of Inh I or Inh II on UV-induced AP-1 activation, we investigated the influence of Inh I and Inh II on UV-induced activations of JNKs, Erks, and P38 kinase. UV-induced activation of JNKs (Fig. 6 ) and the phosphorylation of Erks and P38 kinase (Fig.  7) were not inhibited by Inh I or Inh II at the same dose range that blocked UV-induced AP-1 activity. However, Inh I and Inh II, as well as the LBI and the SBI, all appeared to enhance the UV-induced phosphorylation of Erks (Fig. 7B) . These data, together with the data from Figs. 1-5, indicate that both Inh I and Inh II inhibit UV-induced AP-1 activation through a pathway that is independent of Erks, JNKs, and P38 kinase.
Exposure of mammalian cells to UV irradiation leads to activation of transcription factor AP-1 (7, (23) (24) (25) . It is known that the UV signal(s) leading to the activation of AP-1 in mammalian cells involves three distinct but related pathways and culminates in the selective activation of the three different sets of mitogen-activated protein kinases, including Erks, JNKs, and P38 kinase (17) (18) (19) (20) (21) (22) . In the series of experiments reported here, we found that UV-induced activations of Erks, JNKs, as well as P38 kinase, were not inhibited by Inh I and Inh II at a dose range that blocked AP-1 activation and, in contrast to the inhibition of UV activation of AP-l, the activation of Erks was enhanced. Because the EGF-induced AP-1 activity is not suppressed by Inh I and Inh II (Fig. 4) , the transcription machinery for AP-1 activation by EGF is also likely different than the pathway for activation by UV irradiation. We suggest that blocking UV-induced AP-1 activity by Inh I and Inh II is through a fourth pathway, which is independent of Erks, JNKs, and P38 kinases, or through the inhibition of downstream Erks, JNKs, or P38 kinases. This suggestion is supported by the previous finding that there are at least four distinct mitogenactivated protein kinase signaling pathways in budding yeast (26) , in which the mitogen-activated protein kinase signaling pathways exhibit a strong evolutionary conservation with those of mammalian cells (26) (27) (28) . The results that Inh I and Inh II block UV-induced AP-l activity, but not EGF-induced AP-1 activity, support our previous finding that EGF receptors are not involved in UV-induced AP-1 activation (6, 7).
Proteinase inhibitors from plants have been known for some time to have anticarcinogenic properties (29) and potato Inh I had been shown to inhibit carcinogen-induced transformation of C3H͞10T 1 ⁄2 cells by x-irradiation (30) . Inh I and Inh II were also found to be the most potent among several inhibitors of the formation of H 2 O 2 in polymorphonuclear leukocytes, activated by the tumor promoter 12-O-tetradecanoylphorbol 13-acetate (31) . The mechanism(s) for the effects of protease inhibitors on these processes are not known, but a protease was partially purified from C3H͞10T 1 ⁄2 cells whose activity increased in the cells 5-10-fold in response to 12-Otetradecanoylphorbol 13-acetate. The protease is a candidate FIG. 7. Effects of pretreatment of JB6 cells with proteinase inhibitors on UV-induced phosphorylation of P38 kinase and Erks. The cells were cultured in monolayers of six-well plates and starved by replacing the medium with 0.1% FBS MEM for 48 h. Four hours before the cells were pretreated with Inh I, Inh II, LBI, or SBI, the medium was changed to serum-free MEM. The cells were then treated with 80 M of the different inhibitors for 30 min and subsequently exposed to UV and cultured as described in Fig. 6 . The cells were extracted and phosphorylated forms of P38 kinase (A) or Erk (B) were determined using phosphospecific antibodies as described by New England Biolabs. target for the protease inhibitors, although no functional role for a protease has yet been established as a component of the events leading to cancer in response to carcinogenic agents. UV irradiation acts as both tumor initiator and promoter in animal models (32) (33) (34) . It is generally accepted that the initiating effect of UV light occurs through absorbing energy by the DNA of irradiated cells and results in formation of pyrimidine dimers, whereas the activation of membraneregulated signal transduction pathways, leading to activation of AP-1, is responsible for the tumor promotion action of UV light (9, 10, (35) (36) (37) (38) (39) . Considering the important role of AP-1 activation in chemical-and radiation-carcinogenesis (40-46), we believe that specific inhibition of radiation-induced AP-1 activity by Inh I and Inh II may be related to their inhibition of radiation-induced cell transformation.
In summary, we have demonstrated that Inh I and Inh II specifically block UV-induced AP-1 activity through the pathways that are independent of Erks, JNKs, and P38 kinase, and we suggest that the UV-induced AP-1 activation by Inh I and Inh II may result from specific interactions with a component(s) of the signaling mechanism that mediates UV irradiation-induced cell transformation.
